ABSTRACT (In)GaAsN based heterostructures have been found to be promising candidates for the active region of 1.3 micron VCSELs. However, (In)GaAsN bulk layers and quantum wells usually demonstrate lower photoluminescence intensity than their nitrogen-free analogues. Defects associated with lower temperature growth and N-related defects due to plasma cell operation and possible nonuniform distribution of nitrogen enhance the non-radiative recombination in N-contained layers. We studied the photoluminescence intensity of GaAsN layers as a function of N content in MBE grown samples using rf-plasma source. Increasing the growth temperature to as high as 520 °C in combination with the increase in the growth rate allowed us to avoid any N-related defects up to 1.5% of nitrogen. Low-temperature-growth defects can be removed by post-growth annealing. We achieved the same radiative efficiency of GaAsN samples grown at 520 "C with that of reference layer of GaAs grown at 600 "C. Compositional fluctuations in GaAsN layers lead to characteristic S-shape of temperature dependence of photoluminescence peak position and this feature is the more pronounced the higher the amount of nitrogen in GaAsN. Annealing reduces compositional fluctuations in addition to the increase in the photoluminescence intensity. The results obtained are important for further improving the characteristics of InGaAsN lasers emitting at 1.3 micron.
INTRODUCTION
Group-Ill nitride semiconductors are an area of great current interest for the development of lasers and light emitting diodes emitting in the visible to blue and UV ranges. On the other hand, addition of a small amount of nitrogen to GaAs can drastically reduce the band gap towards the infrared region [ I ]. This is due to the strong bowing of the energy gap in the GaAsGaN system [2] . The large lattice mismatch between GaAs and GaN (about 21%) limits the composition range of GaAsN pseudomorphically grown on GaAs to only a few percent. The addition of In to GaAsN can lead to strain compensation, and a further decrease in the band gap of the quaternary solid solution can be obtained [3] . However, the growth of InGaAsN layers and quantum well structures of device quality appears to be a challenge even when the amount of nitrogen is less than 3 percent [4] . This is usually enough to achieve emission at 1.3 micron, which is the goal for applications in fiber optic communication systems. 1.3 micron edgeemitting lasers and VCSELs have been recently demonstrated by several research groups [5] [6] [7] [8] , however, the device characteristics are still basically inferior to those based on InGaAsP and are to be further improved. The advantage of the GaAs/InGaAsN system for laser applications is the use of well-developed AIGaAs/GaAs GRINSCH design where only active region is replaced on pseudomorphically grown InGaAsN/GaAs quantum wells. Therefore, to improve laser performance, one has to improve the quality of the nitrogen containing active region. It has been shown previously that the nitrogen concentration, growth temperature and post-growth annealing affect the radiation efficiency of GaAsN. In addition, the specific source of nitrogen installed in the growth chamber can play a role, since, e.g., ions coming from a radio-frequency plasma source can damage the growth surface leading to the formation of additional defects. In the present work we show that the optimization of the growth regimes allows us to achieve the luminescence efficiency of GaAs 1 .xN, very close to that of GaAs up to x=0.015. We also study in detail the luminescence properties of our GaAsN epilayers and we argue that the S-shape of the peak position vs temperature dependence frequently observed for InGaAsN/GaAs heterostructures can be considered as the figure of merit of uniformity of nitrogen distribution.
EXPERIMENT
The samples under investigation were grown in a Riber Epineat apparatus with solid cells for group III elements and arsenic and UNI Bulb RF Plasma Source (Applied EPI) for nitrogen. The 0.2-pam-thick layer (GaAsN or GaAs) was sandwiched by AIGaAs/GaAs superlattices. This design prevents the leakage of non-equilibrium carriers from active layer towards the substrate and the surface and allows us to have the same effective pumping for photoluminescence (PL) studies. The nitrogen composition of the samples was evaluated by x-ray diffraction. Room temperature PL measurements were carried out using a frequency doubled YAG:Nd laser (X=532 nm). Temperature and excitation density dependences of PL were recorded under Ar+ laser excitation (Xr=514.5 nm). Absorption spectra were extracted from transmission measurements.
RESULTS AND DISCUSSION

Effect of growth temperature and growth rate
In agreement with the other published data and the predictions of our thermodynamic calculations [9] we have found that the sticking 2.0 coefficient of nitrogen is temperature independent RHEED over the range of 400-530'C and decreases at 2x4 higher temperatures. Therefore, we used the same E 1,613 characteristics of RF plasma source in this temperature interval to have equal nitrogen content • / for GaAsN provided the growth rate was fixed. At , 1, 2 ' growth temperatures below 550 C the 2x4 the growth rate. When the growth rate gets lower than a certain value the growth changes from two-dimensional to three-dimensional. We observed a steep deterioration of optical and structural properties along with this transition. The value of minimum growth rate depends on the growth temperature. These data are presented in Fig. 1 as a growth temperature vs growth rate phase diagram. The upper region corresponds to normal GaAs-like growth mode characterized by high PL intensity. We believe that the reason for the strong decrease in luminescence efficiency for the bottom two regions is associated with additional defects due to either the formation of N-rich clusters or the nitrogen segregation. Thus, there is some region of high "growth rate/growth temperature" that is free of the effects related to the phase separation.
We have found that the border of top and bottom regions shifts left (or up) for higher N content. Adding even three percent of indium to match lattice parameter to GaAs also shifts the border about 40 °C left. Therefore, the presence of In enhances phase separation regardless of strain compensation.
Photoluminescence intensity of GaAs and GaAsN layers relative to the reference GaAs sample W 1 grown at optimal temperature 600 °C is 800 900 1000 1100 0,1 1 10 low temperature growth rather than the Wavelength, nm P_,, W/cm2 presence of nitrogen. 
Effect of annealing
It is well known that defects related to low-temperature growth, such as arsenic antisite and/or interstitial defects, can be removed by post-growth annealing. We have investigated the . . .
effect of in situ annealing on our GaAsN layers. 1............. We found that the increase in luminescence *GaAs intensity afterannealingvariedfrom3to50times " t depending on the growth temperature, Fig.3 . The I . solid horizontal line shows intensity of GaAs *"a -1.0%
GaAsN-1.3% grown at 600 "C, which is considered to be an a)';. GaAs optimal growth temperature for GaAs. Again one can see that PL intensity depends on growth _j temperature but not on the presence of N in the Cl. GaAs layers. PL intensity of samples after annealing is 0,01 A GaAsN-1.6% shown by open circles. For samples grown at _? GaAsN-2.4% 520 "C and annealed for 1 hour at 750 "C under 440 480 520 560 600 arsenic overpressure we achieved almost the same Growth Temperature, 0C PL intensity as G aAs grown at 600 "C. 
Structural and optical properties of GaAsN layers
We have shown that to avoid clusterization and realize two-dimensional growth at high growth temperature (>500 "C) one can use relatively high growth rate (>1 pm/hour). PL (solid line) and absorption (dotted line) spectra of the GaAsNOA., layer grown under this condition are presented in Fig.4 . Insert in Fig. 4 shows cross section of transmission electron microscopy image of this sample. One can see that there is no evidence of strong compositional modulations in GaAsN layer. However, pronounced Stokes shift between the maximum of PL spectrum and absorption edge indicates that carrier recombination goes via some localized states.
Photoluminescence spectra taken at low excitation density (0.6 W/cm 2 ) in the 10-300K range are shown in Fig. 5(a) . One can see that after 100 K an additional high-energy peak (E2) appears in the spectrum and starts to dominate at higher temperatures. The temperature dependence of the positions of these low-energy (El) and high-energy-peaks (E2) is shown in Fig. 5(b) by up-triangles and down-triangles, respectively. Only one peak at all temperatures is observed for PL spectra recorded at high excitation (100 W/cm 2 ). Its position and absorption edge are also presented in Fig. 5(b) as solid circles and diamonds, respectively. The PL peak maximum at high excitation is close to El at low temperature and shifts towards E2 when the temperature is increased. Finally, at temperatures higher than 70K all data coalescence into one. The characteristic S-shape temperature dependence of the peak position is clearly seen. This Sshape temperature dependence of PL peak position after post-growth annealing is considerably less pronounced (open circles in Fig. 5(b) ). To investigate the reason for this S-shaped temperature dependence, we have studied PL temperature dependences of two nominally (a) (b) 1K .
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06W/cm 1, 3 1 O" (annealed) ,'160 > 1,3C 0 ) a0) a 0. Thus, the main peak shows practically the same S-shape dependence as the GaAsN epilayers described above. Since the two InGaAs QW structures differ only in the interface corrugation leading to additional potential fluctuations we conclude that the main reason for the S-shaped temperature dependence of the PL line is potential fluctuations due to spatial nonuniformities or composition/strain modulations. Therefore, we attribute the S-shape behavior of temperature dependence of PL line in GaAsN epilayers to potential fluctuations due to nonuniformities of nitrogen distribution. Post-growth annealing reduces these inhomogeneities and the S-shape behavior becomes less pronounced. We note that these nonuniformities in nitrogen distribution are not revealed in TEM, so the shape of temperature dependence of PL line can be considered as empirical figure of merit for the extent of uniformity of nitrogen distribution in GaAsN layers.
El
CONCLUSIONS
Molecular beam epitaxial growth of GaAsj_,N, layers has been studied as a function of nitrogen content and growth regimes. We have found that the growth at relatively high growth temperatures allows us to avoid "phase separation" or clusterization if high (>1 im/h) growth rates are used. Up to 1.5% of nitrogen can be incorporated into GaAs without deterioration of integrated PL intensity, and for a sample containing 2.4% of nitrogen the integrated PL intensity decreases only about three times. Such layers demonstrate some compositional fluctuations leading to S-shape temperature dependence of the PL peak position. Annealing reduces compositional fluctuations and improves photoluminescence intensity.
